The interaction of human monocytes or monocyte-derived macrophages and yeast-form Paracoccidioides brasiliensis was studied in vitro. Yeast cells were readily ingested by adherent monocytes or macrophages. Multiplication of P. brasiliensis, measured by growth as colony forming units (cfu) on a supplemented medium with good plating efficiency, was greater in monocyte co-cultures compared to the number of cfu obtained from complete tissue-culture medium (CTCM). Multiplication increased with time in macrophage cocultures, e.g., from two-six-fold in 24 h to nine-fold in 72 h. Microscopic observations indicated that ingested yeast cells multiplied inside macrophages. When monocytes were treated with supernate cytokines (CK) from concanavalin-A-stimulated mononuclear cells, then co-cultured with P. brasiliensis, multiplication was significantly inhibited compared with control monocyte co-cultures. Treatment of macrophages-derived from monocytes by culture in vitro for 3 days-for a further 3 days with CK resulted in maximal inhibition of multiplication over the subsequent 72 h. Similarly, when monocyte-derived macrophages (after culture for 7 days) were treated for 3 days with recombinant human y-interferon (IFN; 300 U/ml) or CK they restricted multiplication of P. brasiliensis by 65% and 95%, respectively, compared with control macrophages. Antibody to IFN abrogated the effect of IFN or CK treatment. These findings show that ingested P. brasiliensis can multiply in human monocytes or macrophages and that this multiplication can be restricted by activated monocytes or macrophages.
Introduction
The causative agent of paracoccidioidomycosis, the most common systemic mycosis in Central and South America, is Paracoccidioides brasiliensis.' This thermally dimorphic fungal pathogen in the saprophytic phase causes natural infections by inhalation of conidia or mycelial elements. Histological studies show that conidia convert to the parasitic yeast form in the lungs of mice within hours. 2 Recently it was reported that ingested yeast-form P. brasiliensis readily multiplies inside murine alveolar or peritoneal macrophages ; however, if macrophages were activated, multiplication was restricted and yeast cells were killed.
Immunologica14~ and histological6* studies relevant to effector-fungus interaction have been made in human paracoccidioidomycosis. Although P. brasiliensis was studied in biopsy tissue by transmission electronmicroscopy and yeast cells were demonstrated inside macrophages,6 histological techniques were not capable of following sequential events during the interaction of P. brasiliensis and human macrophages. The role of monocytes and tissue macrophages in the pathogenesis of, or resistance to, P. brasiliensis infection has not yet been defined.
The purpose of the present study was to measure the effect of normal monocytes or monocyte-derived macrophages on the multiplication of P. brasiliensis by sequential determination of numbers of colony forming units (cfu) in co-cultures and by microscopic observations. These results were compared with those from concurrent co-cultures of monocytes or macrophages previously exposed to cytokines (CK) or yinterferon (IFN). 
Materials and methods

Isolation of mononuclear cells
In each series of experiments, blood was obtained from at least four different healthy adult donors who were skin-test-negative to paracoccidioidin. Peripheral blood mononuclear cells (PBMC ; lymphocytes and monocytes) were separated from heparinised (30 U/ml) blood by density gradient centrifugation (400 g , 40 min) on Histopaque (d = 1.077) (Sigma). Briefly, 4 ml of heparinised blood was mixed over 4 ml of phosphate-buffered saline (PBS), and layered over 3 ml of Histopaque in a 15-ml conical plastic centrifuge tube. After centrifugation at room temperature, the interface layer of mononuclear cells was collected, washed twice with RPMI-1640 tissue-culture medium (Gibco Laboratories, Grand Island, NY, USA), and counted with a haemocytometer. Mononuclear cells were suspended to 1 x lo7 cells/ml in CTCM. CTCM consisted of RPMI-1640, penicillin (1 00 000 U/L), streptomycin (100 mg/L) and fresh autologous serum
Monocytes and monocyte-derived macrophages
PBMC (1 x 107/ml in CTCM) suspension was dispensed at 0.1 ml/well in flat-bottomed microtest plate wells (Costar 3696 ; Costar Corporation, Cambridge, MA, USA). After incubation for 2 h at 37°C in air with CO, 5%, non-adherent cells were removed by aspiration and each well was rinsed once with RPMI-1640. There were an estimated (0.1-0.2) x lo6 monocytes/well. Monocyte-derived macrophages were obtained by culture of monocytes in CTCM for 3-7 days with addition of fresh medium every 3 days.
Cy tokines
PBMC at 3 x 106/ml in CTCM were incubated with or without concanavalin-A (Con-A) (Sigma) at 15 mg/L for 24 h at 37°C in air with CO, 5 YO. After incubation, cell-free cytokine (CK)-containing super-nates were obtained by centrifugation (400 g, 10 min), followed by filtration through 0-4-pm pore size filters. Supernates obtained in identical fashion from PBMC suspensions without Con-A were termed control CK. Small portions of CK were stored at -70°C. Human recombinant y-interferon (1FN)'l and affinity columnpurified rabbit antibody to IFN were gifts from Genentech Inc., South San Francisco, CA, USA.
Treatment of monolayers
After adherence, monocytes were treated on the same day (or cultured for 3 or 7 days, then treated) with 0.1 ml of Con-A-CK 40 YO v/v in CTCM, control CK 40% v/v or CTCM alone for 3 days. The macrophages treated with CTCM were defined as 6day and 1 0-day macrophages, respectively. Such monocyte-derived macrophages have been reported to have modified enzymic profiles.12 Con-A in Con-A-CK was neutralised by the addition of a-methyl-Dmannoside (Sigma) to a final concentration of 50 mM.
Challenge of monolayer with P. brasiliensis
After the removal of supernates from treated monolayers, the monolayer fungicidal activity was tested by challenge with yeast-form P. brasiliensis (0.1 ml of a suspension of 10000 or 20000 viable units/ml in CTCM). Microscopic examination of the inoculum in four replicate tests showed that it consisted of 68 SD 2 YO, 10 SD 3 %, 3 SD 1 %, 3 SD 3 YO and 16 SD 3 YO of 1, 2, 3,4 and 2 5 cells/fungal unit, respectively. After co-culture for 4, 24, 48 and 72 h, cells were harvested with distilled water to lyse macrophages or monocytes. Complete removal of adherent cells was verified by microscopic examination of culture wells. Each culture and well washings were contained in 5 or 10 ml of water. To determine fungicidal or fungistatic activity, the number of cfu of P. brasiliensis/culture was determined by plating 1 ml of the 5-or 10-ml volume on supplemented BHI or MMcVM agar plates. When harvested material from co-cultures was pooled and cells were pelleted by centrifugation, microscopic examination showed that the pelleted cells consisted of 57 SD 7 YO, 14 SD 8 YO, 5 SD 2 YO, 4 SD 1 YO and 20 SD 4 % of 1, 2, 3, 4 and > 5 cells/fungal unit. There was no significant difference in this distribution when compared with control (CTCM) or inoculum samples. Inoculated plates were incubated at 35°C for 1 day then placed in sealed plastic bags to prevent drying. After 10 days at 35"C, the number of cfu/plate was counted. The percentage inhibition of multiplication was determined by the formula: [l -(cfu of experimental culture/cfu of control culture)] x 100.
Transwell studies
Seven-day macrophage monolayers were established in the lower chamber (16 mm diameter) of Transwell tissue-culture plates (Costar). This was On: Tue, 04 Dec 2018 13:07:23 MONOCYTES, MACROPHAGES AND P. BRASZLZENSZS 16 1 done by incubating 0.5 ml of a suspension of 5 x lo6 PBMC/ml in CTCM for 2 h, removal of nonadherent cells, then incubation for 7 days at 37°C in air with CO, 5 YO. Macrophages were then treated for another 3 days with CTCM. P. brasiliensis (Gar; 0.2 ml of 10000 viable fungal units/ml in CTCM) was then cultured in the upper chamber (6.5 mm diameter with a 0.4-pm pore size membrane bottom) for 3 days, with 0.5ml of CTCM, or macrophage monolayer containing 0-5 ml of CTCM, in the lower chamber. Positive controls consisted of a macrophage monolayer in direct contact with P. brasiliensis (no membrane present).
Microscopic and phagocytosis studies
Monocyte or macrophage monolayers were obtained by plating 0-25 ml of a suspension of 2.5 x lo6 PBMC/ml of CTCM/chamber of eightchambered Lab-Tek tissue-culture slides (Miles Scientific, Naperville, IL, USA). After removal of nonadherent cells, adherent cells were incubated at 37°C in air with CO, 5 YO for 1 or 3 days with 0.25 ml of CTCM or CK 40% v/v in CTCM. After treatment of monolayers, the supernates were aspirated, and cultures were rinsed with CTCM and challenged with P. brasiliensis in CTCM containing fresh human serum 25%. The ratio of fungal units:macrophages was c . 1 : 2 for microscopy studies and 5 : 1 for phagocytosis determinations. Co-cultures were incubated for 4 h for phagocytosis and 4, 24, 48 or 72 h in microscopy studies. Duplicate sets of cultures were aspirated, washed three times with PBS, air-dried, and stained with Diff-Quik stain (American Scientific Products, McGaw Park, IL, USA). Two hundred monocytes or macrophages with or without ingested P. brasiliensis were counted in each of duplicate monolayers.
Stat is t ical analysis
Comparisons between groups were analysed by Student's t test, with significance assumed to be p < 0.05. Variation is expressed as SD.
Results
Eflect of monocytes or 6-day macrophages on P. brasiliensis mult iplicat ion
When P. brasiliensis isolates LA, Gar and Gra were cultured with CTCM alone there was generally no significant increase in cfu with time ( I) .
If monocytes and isolate LA were co-cultured for 144 h, a 10-fold increase in the number of cfu was recorded. This greater enhancement could have been due to lysis of infected monocyte-derived macrophages and, possibly, infection of other macrophages, or nutrient supplementation.
When 6-day macrophages were co-cultured with the Gar isolate, the number of cfu increased significantly after 24,48 and 72 h compared with the number of cfu in CTCM alone (table I) .
The number of cfu of another isolate, Gra, increased significantly in co-cultures with 6-day or 1 0-day macrophages after 24, 48, and 72 h when compared with the number of cfu in CTCM alone (table I) . Results from the three experiments with three isolates shown in table I indicate that monocytes, 6-day and 1 0-day monocyte-derived macrophages each supported the multiplication of P. brasiliensis isolates in co-cultures compared with multiplication in CTCM alone.
Contact requirement for macrophage enhancement of P. brasiliensis
When P. brasiliensis (Gar) was separated from 10day macrophage monolayers by the Transwell membrane, multiplication was not enhanced. For example, after culture for 3 days the numbers of cfu of isolate Gar were not significantly different when separated from CTCM or the macrophage monolayer, i.e. 1410 SD 280 and 1260 SD 160 (n = 4), respectively. In contrast, isolate Gar in contact with macrophages had enhanced multiplication (p < 0-OOl), i.e., 4540 SD 680 cfu/well.
Effect of lymphocytes on P. brasiliensis multiplication
After two cycles of adherence (2 and 48 h), nonadherent PBMC were primarily small lymphocytes (PBL). When PBL ( 5 x 105/well) were co-cultured with P. brasiliensis (Gar; lo3 cfu/well), multiplication of isolate Gar was not increased compared with the number of cfu in CTCM alone. After culture for 3 days the numbers of cfu in CTCM and PBL co-cultures were not significantly different, i.e., 985 SD 60 and 990 SD 90 (n = 4), respectively.
Eflect of CK treatment of monocytes on multiplication of P. brasiliensis
After adherence, monocytes were treated the same day for 24 h with CK or CTCM, then co-cultured with the isolate LA. CK-treated monocytes inhibited LA multiplication compared with macrophages exposed to CTCM. There was no early (4-h) inhibition but maximal inhibition at 24 h (55%, p < 0.01) followed by a decline in inhibition at 48 h (3570, p < 0.05) compared with the numbers of cfu of the LA isolate in CTCM at these times (data not shown).
Eflect of CK treatment on 3-day monocyte-derived macrophages
When 3-day monocyte-derived macrophages were treated for 3 days with CK and then co-cultured with isolates Gar or Gra, they inhibited the multiplication of these isolates compared with multiplication in macrophages exposed only to CTCM. Representative results from four experiments are given in table 11. Compared with multiplication in macrophages treated with CTCM, multiplication of isolate Gar in CKtreated macrophages was inhibited at 4 h. The inhibition was less at 24 h, then increased with further time, e.g., at 48 and 72 h ( table 11) .
Eflect of CK treatment on 7-day monocyte-derived macrophages
Seven-day macrophages were treated for 3 days with CK, control CK or CTCM (controls), then co-cultured with isolate Gar for selected periods. CK-treated macrophages were also able to restrict the multiplication of isolate Gar compared with control macrophages after 24,48 and 72 h (table 11). When antibody to I F N was present during CK treatment of macrophage monolayers, these macrophages were not able to inhibit the multiplication of isolate Gar; on the contrary they supported multiplication of isolate Gar better than control macrophages, at 48 h: 5220 SD 880 versus 3870 SD 200 cfu (n = 4) (data not shown).
When isolate LA was used, CK-treated macrophages also significantly (p < 0.01) inhibited multiplication of LA compared with macrophage controls, after 24,48 and 72 h (data not shown). Treatment with control CK (supernates from nonstimulated PBMC cultures) did not enable macrophages to inhibit multiplication of isolate Gar. There was no significant difference between multiplication in macrophages exposed to control CK or to CTCM (data not shown).
Efect of IFN treatment on 7-day monocyte-derived macrophages
IFN-treated 7-day macrophages were able to significantly restrict the multiplication of the Gar isolate after 24,48 and 72 h compared with multiplication in CTCM control macrophages (figure). If antibody to IFN (enough to neutralise 600 IFN U/ml) was added during IFN treatment of macrophages, the macrophages were not able to significantly inhibit multiplication of P. brasiliensis at 24,48 or 72 h compared with CTCM control macrophages (figure).
Phagocytosis
Monocyte or 6-day monocyte-derived macrophages were incubated with P. brasiliensis yeast cells at a yeast cel1:phagocyte ratio of 5 : 1 for 4 h. After washing away non-phagocytosed fungi, the monolayers were air-dried and stained. The percentage of monocytes treated for 1 day with CTCM that ingested yeast cells was 80.0 SD 4.9 YO. The percentage of 6-day monocyte-derived macrophages exposed to CTCM alone that ingested yeast cells was 73.0 SD 7.0 %. These results were not different from those obtained with CKtreated monocytes or monocyte-derived macrophages (data not shown).
Microscopy studies
For microscopy studies, a yeast cell : phagocyte ratio of 1 : 2 was used to follow better intracellular events with time. The best evidence for intracellular multiplication of P. brasiliensis was obtained by comparing yeast cells 4 h after ingestion and P. brasiliensis in macrophages 24 and 48 h later. The best results were seen with the larger 7-day monocyte-derived macrophages. P. brasiliensis 24 h after ingestion by macrophages showed development of mother cells with buds. After culture for 48 h, intracellular yeast cells consisted primarily of budding mother cells or small detached daughter cells (data not shown).
Discussion
This report presents evidence for the first time that P. brasiliensis multiplication is supported by monocyte, 6-day macrophage, and especially 1 0-day macrophage co-cultures when compared with P. brasiliensis in CTCM alone. By contrast, P. brasiliensis multiplication was not supported by co-culture with a nonphagocytic cell type, i.e., lymphocytes. It was also found that contact between macrophages and P. brasiliensis was required for support of P. brasiliensis multiplication by macrophages. Moreover, microscopy studies indicated that ingested P. brasiliensis multiplied inside macrophages. Although the size and morphology of macrophages changed with time in culture and possibly a decrease in numbers/well occurred, the low inoculum : macrophage ratio (1 : 100) minimised the effect of these variations. These findings are similar to those reported previously for P. brasiliensis multiplication in murine peritoneal or alveolar macro phage^.^ Human macrophages also support the intracellular multiplication of Histoplasma capsulatum, another thermally dimorphic fungal pathogen,13 although H. capsulatum also multiplies well in CTCM.14 On the other hand, the thermally dimorphic fungal pathogen Blastomyces dermatitidis did not exhibit enhanced multiplication in co-cultures with human monocytes or macrophages ; instead, multiplication was inhibited compared to inoculation in CTCM a10ne.l~ Human 3or 7-day macrophages treated for 3 days with CK or IFN were modulated so that they restricted the multiplication of P. brasiliensis in long-term cultures. Moreover, this modulation by IFN or CK could be inhibited by the presence of antibody to IFN. Abrogation of the ability of CK to activate macrophages by anti-IFN antibody indicates that IFN was the major cytokine in supernates responsible for macrophage activation and other cytokines, e.g., IL-2 etc., had an insignificant effect. However, treated macrophages were not able to reduce P. brasiliensis inoculum cfu consistently, either in short-(4-h) or long-term assays. However, it should be noted that inhibition of P. brasiliensis multiplication by activated macrophages could represent the killing of some yeast cells and growth of remaining viable cells.
The lack of demonstrable fungicidal activity of treated human macrophages for P. brasiliensis is in sharp contrast to that reported for activated murine peritoneal or alveolar macro phage^.^ This could be due to the well documented difference between murine and human macrophages relative to induction of an L-arginine-dependent nitric oxide-producing mechanism. Whether human resident tissue or alveolar macrophages,l6. l7 in contrast to monocyte-derived macrophages, can be activated to kill P. brasiliensis remains to be determined.
It has been shown that P. brasiliensis requires
